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ANALYTICAL AND EXPERIMENTAL INVESlIGATION OF MISlUNING IN PROPFAN FLUTTER 
Abstract 
Krlshna Rao V. Kaza* and Oral Mehmed** 
Natlonal Aeronautlcs and Space Admlnlstratlon 
Lewis Research Center 
Cleveland, Ohlo 44135 
Marc Wl 1 1  iamst 
School of Aeronautlcs and Astronautlcs 
Purdue Unlverslty 
West Lafayette. Indlana 47907 
and 
Larry A. Moss 
Sverdrup Technology, Inc. 
Lewis Research Center 
Cleveland, Ohlo 44135 
An analytlcal and experlmental lnvestlgatlon 
of the effects of mlstunlng on propfan subsonlc 
flutter has been performed. The analytical model 
i s  based on the normal modes of a rotating compos- 
lte blade and a three-dlmenslonal subsonlc unsteady 
lifting surface aerodynamlc theory. Theoretical 
and expertmental results are compared for selected 
cases at different blade pltch angles, rotational 
speeds and freestream Mach numbers. The comparlson 
shows a reasonably good agreement between theory 
and experiment. Both theory and experiment showed 
that comblned mode shape, frequency, and aerody- 
namlc mlstunlng can have a beneflclal or adverse 
effect on blade damping depending on Mach number. 
Addltlonal parametrlc results showed that alternate 
blade frequency mlstunlng does not have enough 
potenttal for It t o  be used as a passlve flutter 
control In propfans slmllar t o  the one studled 
herein. It can be inferred from the results that 
a lamlnated composlte propfan blade can be tailored 
to opttmlze its flutter speed by selectlng the 
proper ply angles. 
(u 
Nomenclature 
[AI matrlx of influence coefflclents. 
Eq. (5) 
[A1 1 generallzed aerodynamlc rnatrlx 
[KS 1 
M 
[MI 
E MgJ 
NG 
NB 
NMG 
NP 
NMl 
NRT 
stiffness matrlx of a group of 
blades, Eq. ( 1 )  
centrlfugal softenlng matrlx of a group 
of blades 
mach number of freestream 
physical mass matrlx 
generallzed mass matrlx of a group of 
blades 
generallzed mass matrix of 5th blade 
generallzed mass of the lth blade In jth 
mode 
number of blade groups 
number of blades In a group 
number of modes of a group 
number of aerodynamlc panels In a grour) 
number of modes of the lth blade In a 
group 
total number of panel edge radll In a 
group 
stiffness matrlx. Eq. (8); also loads 
on the blade group, Eq. (5) 
(dAI area, Eq. (6) [PI 
{Fol tlme Independent nonaerodynamlc 
force vector of a group of blades {P({uol)) steady state aerodynamlc nodal 
modal frequency of the blade In 5th 
mode, H Z  {q I generallzed coordlnate vector of a group 
force vector of a group of blades 
f5 
1 c; 1 also blade Index amplltude of {q), Eq. (7) 
tKgJ generallzed stlffness matrlx of a group qij generallzed coordlnate jth mode o f  the 
of blades lth blade In a group 
generallzed coordinate vector of ith [Ki I generalized stlffness matrix o f  ith 4 1  
blade in a group blade of a group 
{uo)  steady state deflectlon 
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[ M I  matrlx of normal velocltles, E q .  (5) 
00.75~ b l a d e  pltch angle at 3/4 radius 
1 
e lgenva lue ,  Eq .  ( 9 )  
v i b r a t o r y  d e f l e c t i o n  v e c t o r  a t  g r l d  
p o i n t s  measured f rom s teady  s t a t e  
normal dlsplacement,  Eg. ( 6 )  
damplng r a d l o  I n  j t h  mode o f  l t h  b lade  
I n  a g roup  
lmag lna ry  p a r t  o f  e tgenva lue  
r e a l  p a r t  o f  e igenva lue  
l n t e r b l a d e  phase ang le  between t h e  
b lades  of  a group 
I n t e r g r o u p  phase ang le  between l l k e  
b lades  f r o m  group t o  group, 
model m a t r l x  o f  I t h  b lade  I n  a group 
f requency  o f  t h e  j t h  mode o f  t h e  l t h  
b lade  
1 = 0,1,2, . . . (  NG-1) 
I n t  roduc t I on 
Research on p rop fan  a e r o e l a s t l c l t y  I s  a con- 
t I n u l n g  e f f o r t  a t  NASA Leuls Research Center .  
U n t l l  now t h e  a n a l y t l c a l  work has I n v o l v e d  prop fans  
u l t h  b lades  o f  assumed l d e n t l c a l  p r o p e r t l e s .  Th ls  
paper con t lnues  t h a t  work f o r  p rop fans  u l t h  b lades  
o f  d l f f e r e n t  p r o p e r t t e s .  
A f l u t t e r  s tudy  o f  a p r o p f a n  wlnd t u n n e l  model 
w l t h  t e n  t l t a n l u m  blades under t r a n s o n i c  t l p  cond l -  
t l o n s  was r e p o r t e d  I n  Ref. 1 .  A n a l y t l c a l  comparl-  
sons t o  t h e  f l u t t e r  data,  p resented  I n  Ref .  1, were 
r e p o r t e d  I n  Refs .  2 and 3 .  A d d l t l o n a l  f l u t t e r  da ta  
f r o m  a model u l t h  e l g h t  composl te m a t e r i a l  b lades  
i n  subsonlc f l o w  was repo r ted  I n  Ref. 4 .  
A more r e f l n e d  a n a l y s l s  than those o f  Refs .  1 
t o  3 I s  desc r lbed  I n  Ref. 5 .  The a n a l y s l s  makes 
use o f  r e c e n t  developments I n  mode l lng  o f  composl te 
m a t e r i a l  ,b  v l b r a t l o n  a n a l y s l s  under r o t a t l n  
d l t l o n s  l n c l u d l n g  geometr lc n o n l l n e a r l t t e s , ?  and 
b o t h  s teady  and unsteady th ree -d lmens lona l  subsontc 
cascade aerodynarnlc models.8 A d d l t l o n a l l y ,  
Ref .  5 c o r r e l a t e s  p r e d l c t e d  f l u t t e r  r e s u l t s  u l t h  
t h e  measured da ta  repo r ted  I n  Re f .  4 f o r  a p rop fan  
u l t h  e l g h t  l d e n t l c a l  composlte b lades .  
con- 
I n  t h e  a n a l y t l c a l  a e r o e l a s t l c  models desc r lbed  
i n  Refs .  1 t o  3 and 5, I t  I s  assumed t h a t  a l l  t h e  
b lades  have l d e n t l c a l  s t r u c t u r a l  and aerodynamlc 
p r o p e r t l e s .  Consequently, t h e r e  I s  no c o u p l l n g  
between the  I n t e r b l a d e  phase ang le  modes. Then, 
each mode can be analyzed independen t l y  f o r  f l u t t e r  
and f o r c e d  response o f  the r o t o r .  However, I n  
p r a c t l c a l  p rop fans  P r o p e r t l e s  d l f f e r  f rom b lade  t o  
b lade  because o f  manufac tur ing  l l m l t a t l o n s .  The 
presence o f  smal 1 d l f f e r e n c e s  between t h e  b lades  
l s  known as m l s t u n l n g .  M l s t u n l n g  couples t h e  
1 n t e r b . a d e  phase ang le  modes, and In t roduces  com- 
p l e x l t y  I n  the  dynamlc a n a l y s i s .  
Unders tand lng  t h e  e f f e c t s  o f  b lade  m l s t u n l n g  
on v l b r a t l o n .  f l u t t e r  and f o r c e d  response o f  t u r b o -  
mach lnery  b l a d e - d l s k  assemblies has r e c e l v e d  con- 
s i d e r a b l e  a t t e n t i o n  and I s  a c u r r e n t  research  t o p l c  
I n  tu rbomach lnery  a e r o e l a c t i c l t y . 9 - l 4  The doml- 
nar, '  redsons f o .  : [ l i s  at : tant lon a r e :  ( 1 )  i t  does 
a f f e c t  f l u t t e r  and f o r c e d  response; and ( 2 )  l n t e n  
t l o n a l  m l s t u n l n g  may have p o t e n t i a l  as a pass l ve  
c o n t r o l  t o  Inc rease  f l u t t e r  speed and m in lm lze  
system response. 
o f  m l s t u n l n g  i n  p r o p f a n  f l u t t e r .  
( 1 )  Does t h e  presence of  sweep and s t r o n g  bend ing  
t o r s l o n  c o u p l l n g  between t h e  b lade  s t r u c t u r a l  mode< 
I n f l u e n c e  t h e  r o l e  o f  m l s t u n l n g ?  ( 2 )  Does m ls -  
t u n l n g  have enough p o t e n t l a l  t o  be used as a pas- 
s t v e  c o n t r o l  t o  a l l e v i a t e  f l u t t e r ?  ( 3 )  Does t h e  
presence o f  m l s t u n l n g  have any I n f l u e n c e  on b lade  
loads? To answer t h e  f l r s t  two ques t l ons  p a r -  
t l a l l y .  an a n a l y t l c a l  and exper lmen ta l  l n v e s t l g a -  . 
t l o n  was conducted. The a n a l y t l c a l  e f f o r t  l n v o l v e s  
an e x t e n s l o n  o f  t h e  f l u t t e r  model desc r lbed  I n  
Ref .  5 t o  I n c l u d e  b o t h  s t r u c t u r a l  and aerodynamlc 
m l s t u n l n g .  The s t r u c t u r a l  model f o r  each b lade  l s  
d e f i n e d  by b lade  geometry, normal modes, f requen  
c l e s ,  and g e n e r a l l z e d  masses. The aerodynamlc 
model I s  based on th ree -d lmens lona l  subsonlc l l f t -  
I n g  s u r f a c e  t h e o r y . 8  
d l f f e r e n c e s  I n  b lade  p r o p e r t l e s  such as geometry,  
p l t c h  ang le ,  sweep. modes, f requenc ies .  and damp- 
l n g .  The t y p e  o f  m l s t u n l n g  I n  t h e  a n a l y t l c a l  
f l u t t e r  model I s  a r b l t r a r y .  
Severa l  ques t l ons  a r i s e  Concernlng t h e  r o l e  
S p e c l f l c a l l y :  
The models account  f o r  
A u l n d  t u n n e l  exper lment  was per fo rmed.  An 
e i g h t - b l a d e d  mls tuned r o t o r  was c o n s t r u c t e d  by 
a l t e r n a t e l y  mount lng  two s e t s  o f  compos l te  b lades  
o f  two g e o m e t r l c a l l y  and m a t e r l a l l y  s l m l l a r  r o t o r s .  
The f l r s t  s e t  o f  f o u r  b lades ,  SR3C-X2, a r e  f rom 
t h e  r o t o r  desc r lbed  I n  Re f .  4 .  The second s e t  o f  
b lades ,  SR3C-3, a r e  l d e n t l c a l  t o  t h e  f l r s t  s e t  
except  f o r  t h e  p l y  ang les  o f  t h e  composl te mate 
r l a l .  Because o f  t h e  p l y  ang le  d i f f e r e n c e ,  t h e  
exper lmen ta l  r o t o r  had a p a r t l c u l a r  t y p e  o f  a l t e r -  
n a t e  b lade  m l s t u n l n g  whlch 1 s  c h a r a c t e r l z e d  by the  
d l f f e r e n c e s  I n  b lade f requenc ies ,  mode shapes, 
steady s t a t e  geometry.  damping. and steady and 
unsteady a i r  l oads .  
F l u t t e r  speed, f l u t t e r  f requenc les ,  and 
f l u t t e r  I n t e r b l a d e  phase ang les  were measured l n  
t h e  u l n d  tunne l  a t  v a r l o u s  b lade  p l t c h  ang les ,  MacP, 
numbers, and r o t a t l o n a l  speeds. A l so  measured 
d u r i n g  t h e  t e s t  were b lade  s t r a l n  amp l i t udes  wh ich  
u l l l  n o t  be addressed I n  t h l s  paper .  
Th l s  paper p resen ts  t h e  a n a l y t i c a l  f o r m u l a t l o n  
o f  t h e  f l u t t e r  model,  desc r lbes  t h e  u l n d  t u n n e l  
model and exper lment ,  o u t l l n e s  t h e  a p p l l c a t l o n  o f  
t h e  f o r m u l a t l o n  t o  t h e  wlnd t u n n e l  model, and corn 
pares  c a l c u l a t e d  and measured In-vacuum n o n r o t a t l n g  
f requenc ies  and modes. A l so  compared I n  t h e  paper 
a r e  c a l c u l a t e d  and measured f l u t t e r  speeds, f l u t t e r  
f requenc les .  and l n t e r b l a d e  phase a n g l e s .  F l n a l l y .  
t h e  p o t e n t l a l  f o r  a l t e r n a t e  f requency  m l s t u n l n g  as 
a pass l ve  f l u t t e r  c o n t r o l  I s  assessed. 
A n a l y t l c a l  Fo rmu la t i on  
The a e r o e l a s t l c  a n a l y s l s  of p rop fans  I s  I nhe r  
e n t l y  n o n l i n e a r  because o f  r o t a t i o n .  and r e q u i r ? ;  a 
geomet r ic  n o n l i n e a r  theo ry  o f  e l a s t l c l t y .  B y  usinr;  
a f i n i t e  element s t r u c t u r a l  m o d e l  and t h r e e  
d lmens lona l  steady and unsteady cascade aerodynanic 
models,  an a e r o e l a s t i c  model f o r  a p rop fan  w i t h  a 
r l g l d  hub and l d e n t l c a l  b lades  w a s  developed i n  
Ref .  5 .  That model has been g e n e r a l i z e d  f o r  a 
p rop fan  w l t h  a r l g l d  hub and w l t h  s t r u c t u r a l l y  and 
ae rodynamica l l y  mls tuned b i d d e r .  S l n c e  the  b a ! l r  
d e t a l l s  u r r e  g l ven  i n  R e f .  5 ,  o n l y  an o u t l i n e  of 
2 
t h e  development and o f  s p e c l a l  m o d l f l c a t l o n s  which 
a r e  e s s e n t i a l  t o  a l l o w  m l s t u n l n g  a r e  d iscussed 
here.  
Equat lons  o f  Mo t lon  o f  a Mls tuned Propfan 
An a e r o e l a s t l c  model w l t h  f requency  m ls tun lng  
was deve loped i n  Refs.  10 t o  13 by e x p l o l t l n g  the 
p e r l o d l c  s t r u c t u r e  o f  t h e  aerodynamlc model f o r  a 
r o t o r  w l t h  g e o m e t r i c a l l y  i d e n t i c a l  b lades by using 
two-d imens iona l  unsteady cascade aerodynamic 
t h e o r y .  Aerodynamlc m l s t u n l n g  u l t h  superson ic  tuo- 
d lmens lona l  unsteady cascade aerodynamlc t h e o r y  was 
addressed i n  Ref .  14. S lnce  t h e  p r e s e n t  formula-  
t i o n  does n o t  d l s t l n g u l s h  between aerodynamlc and 
s t r u c t u r a l  m l s t u n l n g  and uses t h e  normal modes of 
a r o t a t i n g  s t r u c t u r e  i n  c o n j u n c t l o n  w l t h  t h r e e -  
d lmens lona l  unsteady aerodynamlc theo ry ,  a s l l g h t l y  
d i f f e r e n t  and more genera l  approach than t h a t  used 
i n  Ref .  10  i s  adopted. 
I n  t h e  p resen t  f o r m u l a t l o n ,  t h e  p r o p f a n  I s  
assumed t o  have NG i d e n t l c a l  groups o f  b lades 
s y m n e t r l c a l l y  d i s t r i b u t e d  about t h e  d i s k .  Each 
group c o n t a l n s  NB b lades ( d l s j o l n t  s u r f a c e s )  
wh lch  need have no s p e c l a l  geomet r lc  o r  s p a t i a l  
r e l a t l o n s h l p  t o  each o t h e r .  A schematlc f o r  an 
e i g h t - b l a d e d  r o t o r  w l t h  f o u r  b lade  groups I s  l l l u s -  
t r a t e d  i n  F i g .  1. A tuned r o t o r ,  then,  corresponds 
t o  NB = 1, i n  wh lch  case NG i s  t h e  t o t a l  number 
o f  b lades .  Conversely,  i f  NG = 1. t hen  each of 
t h e  b lades ,  NB i n  number, i s  t r e a t e d  I n d i v i d u a l l y .  
I n  genera l ,  l t  i s  assumed t h a t  t h e  groups v i b r a t e  
u l t h  an i d e n t i c a l  mot lon,  b u t  u l t h  a c o n s t a n t  
I n t e r g r o u p  phase ang le ,  u h l c h  may t a k e  any o f  t h e  
va lues a ~ j  = 2ni /NG,i  = 0.1 ,..., NG - 1. Gener- 
a l i z i n g  t h e  steady s t a t e  s l n g l e  b lade  e q u a t l o n  I n  
Ref .  5, t h e  co r respond lng  equa t lon  f o r  any group I s  
The fo rm o f  Eq. ( 1 )  i s  t h e  same as t h e  correspond- 
i n g  one I n  Ref.  5, b u t  t h e  o rde rs  o f  t h e  matr lces 
and o f  t h e  d isp lacement  vec to r  a r e  d i f f e r e n t .  The 
s t l f f n e s s  and f o r c e  m a t r l c e s  i n  Eq. ( 1 )  represent  
t h e  e n t l r e  b lade  group.  For example, f o r  a propfan 
u l t h  e l g h t  b lades ( f o u r  groups w l t h  t w o  b lades I n  
each group)  228 g r i d  p o l n t s  f o r  each b lade,  and s i x  
degrees o f  freedom f o r  each g r l d  p o l n t .  t h e  t o t a l  
number o f  degrees o f  freedom o f  Eq. ( 1 )  i s  2736. 
Fur thermore ,  t h e  e q u a t l o n  i s  n o n l l n e a r  l n v o l v l n g  
l a r g e  d e f l e c t l o n s .  c e n t r l f u g a l  and s teady s t a t e  
a l r l o a d s .  The s o l u t l o n  r e q u l r e s  s u b s t a n t l a l  corn- 
p u t e r  t i m e .  To reduce t h a t  t ime,  t h e  steady s t a t e  
aerodynamlc loads have been neg lec ted  h e r e l n .  (The 
e f f e c t  o f  these steady a l r l o a d s  f o r  a tuned r o t o r  
i s  addressed i n  Ref .  5 . )  W l th  t h I s  assumptlon. t h e  
steady aerodynamlc c o u p l l n g  between t h e  b lades I n  a 
g roup I s  e l l m l n a t e d  f rom t h e  f l u t t e r  a n a l y s i s .  
Consequent ly,  t h e  steady s t a t e  d e f l e c t l o n s  and the 
d i f f e r e n t l a l  s t i f f n e s s  o f  each b l a d e  I n  a group can 
be c a l c u l a t e d  Independen t l y  by u s l n g  Eq. ( 1 )  w i t h -  
o u t  s teady a l r l o a d s .  The procedure  f o r  these c a l -  
c u l a t l o q s  l s  t h e  same as t h a t  desc r ibed  I n  R e f .  5 .  
The v l b r a t l o n  modes and f requenc ies  o f  each blade 
I n  t h e  group a r e  c a l c u l a t e d  l ndependen t l y  by Using 
t h e  f o l l o w l n g  e q u a t l o n ,  u h l c h  I s  a l s o  d iscussed I n  
Ref .  5 .  
The n e x t  s tep  i n  t h e  f o r m u l a t l o n  o f  t h e  ae ro -  
e l a s t i c  model by t h e  modal method 1 s  t o  g e n e r a l l z e  
t h e  s l n g l e  b lade  e q u a t l o n  o f  Ref.  5 . to  NB b lades 
I n  a group. 
f o l l o u l n g  t h e  procedure  i n  Ref .  10. t h e  a e r o e l a s t l c  
equa t ions  f o r  NB a r b l t r a r l l y  mls tuned b lades i n  a 
g roup a r e  
Assuming s lmp le  harmonic mo t lon  and 
Agaln. t h e  fo rm o f  Eq. ( 3 )  i s  t h e  same as t h e  c o r -  
respond lng  one o f  Ref. 5, b u t  t h e  o rde rs  o f  t h e  
m a t r l c e s  and o f  t h e  g e n e r a l i z e d  c o o r d l n a t e  v e c t o r  
a r e  d i f f e r e n t .  The new d e f l n t t l o n s  a r e  as f o l l o w s :  
L 
p 1  
fMNBJ 
Mi 1 
2 I C M , J  = M 
I 
, {Qll 
N M l  
C i l )  
( 4 )  
3 
The c o e f f l c l e n t s  M l j .  
a r e  t h e  g e n e r a l i z e d  mass, t h e  
quency, and t h e  cor respond lng  damplng r a t l o ,  
r e s p e c t l v e l y ,  O f  t h e  5 t h  normal mode o f  t h e  i t h  
b l a d e  i n  a g roup.  The s u f f l x  NMl rep resen ts  t h e  
number of b lade  normal  modes cons ldered f o r  t h e  l t h  
b lade  i n  t h e  f l u t t e r  a n a l y s t s .  The q u a n t l t l e s  
(q] and {~ i )  a r e  t h e  normal mode m a t r l x  and 
g e n e r a l i z e d  c o o r d l n a t e  vec to r  f o r  t h e  l t h  b l a d e  I n  
a g roup.  The d e t a l l s  for t h e  development o f  t h e  
aerodynamlc matr lx  [A,] a re  g l v e n  I n  t h e  f o l l o u -  
l n g  s e c t i o n .  
Unsteady Aerodynamlc Model 
The g e n e r a l l z e d  aerodynamlc f o r c e  m a t r l x  i n  
Eq. ( 3 )  has been computed u I t h  t h e  t h r e e -  
d lmens lona l  compress lb le  l l f t l n g  s u r f a c e  t h e o r y  
desc r lbed  I n  Refs .  8, 15, and 16 .  S lnce  t h e  
d e t a l l s  o f  t h e  scheme are g l v e n  I n , t h o s e  r e f e r -  
ences, o n l y  an o u t l l n e  of t h e  method and t h e  spe- 
c l a l  m l s t u n l n g  m o d l f l c a t t o n s  w l l l  be d lscussed 
h e r e l n .  
The numer ica l  method l s  based on an assumed 
l i n e a r l z a t l o n  o f  t h e  f l u l d  mo t ion  about  a u n i f o r m  
s teady  f l o w .  The d l s t u r b a n c e  genera ted  by  t h e  
r o t o r  b lades  l s  presumed t o  be s lmp le  harmonic l n  
t i m e  i n  a r e f e r e n c e  frame r o t a t i n g  u l t h  t h e  b lades .  
Each wake I s  assumed t o  be r l g l d  and t o  l l e  i n  t h e  
h e l l c a l  s u r f a c e  swept out by  t h e  b lade  t r a l l l n g  
edge. These assumptlons r e s u l t  I n  a l i n e a r  l n t e -  
g r a l  equa t lon  r e l a t l n g  the  normal v e l o c l t y  o f  t h e  
s u r f a c e  o f  t h e  b lades  t o  t h e  l o a d  ( d l f f e r e n t l a l  
p r e s s u r e )  a c t i n g  on t h e  b lades .  The l n t e g r a l  equa- 
t i o n  l s  so lved by a p lecewlse  cons tan t  l oad  pane l  
method. 
For s l m p l l c l t y ,  the e f f e c t s  o f  hubs and 
n a c e l l e s  a r e  Igno red ,  as Is b lade  t h l c k n e s s .  The 
b lades  a r e ,  i n  e f f e c t ,  t r e a t e d  as loaded h e l l c a l  
su r faces  w i t h  no th l ckness .  A s  I n  any l l n e a r  ae ro -  
dynamic theo ry ,  t h e  unsteady loads  Induced by b lade  
v l b r a t l o n  a r e  ma themat l ca l l y  decoupled f rom t h e  
s teady  loads  a r l s l n g  f r o m  b lade  Incidence. 
The use o f  l l n e a r  aerodynamlc t h e o r y  l l m l t s  
t h e  a p p l i c a b i l i t y  o f  the method t o  l i g h t l y  loaded 
c o n d i t i o n s  ( u n s t a l l e d )  and t o  Mach numbers a t  wh lch  
t r a n s o n l c  e f f e c t s  a t  the b lade  t l p s  a r e  n o t  s l g n l -  
f l c a n t .  I n  a d d l t l o n ,  the r l g l d  wake approx lma t lon  
breaks  down a t  low advance r a t l o s ,  where Induced 
v e l o c l t l e s  may have a s t rong  i n f l u e n c e  on t h e  wake 
s t r u c t u r e  (wh lch  I n  t u r n  may s l g n l f l c a n t l y  mod l f y  
t h e  b l a d e  l o a d i n g . )  Of course ,  one u s u a l l y  does 
n o t  know a p r l o r l  whether such e f f e c t s  w l l l  be 
p r e s e n t  a t  a g l v e n  o p e r a t l n g  p o l n t ,  so some c a u t l o n  
I n  l n t e r p r e t l n g  t h e  r e s u l t s  I s  necessary .  
I n  t h e  o r l g l n a l  code, R e f .  5. on wh lch  t h e  
p resen t  method I s  based, I t  I s  assumed t h a t  t h e  
r o t o r  c o n t a l n s  NG e q u a l l y  spaced l d e n t l c a l  b lades ,  
u h l c h  v l b r a t e  u l t h  l d e n t l c a l  mo t ion  bu t  u l t h  a 
cons tan t  l n t e r b l a d e  phase ang le ,  one o f  t h e  s e t  
2 n l / N G .  1 = 0.1. . . .  NG - 1 .  I n  t h e  p resen t  v e r s l o n ,  
m l s t u n l n g  I s  accounted f o r  by t h e  s lmp le  exped len t  
o f  r e d e f l n l n g  a b lade  a s  a group of NB l d e n t l c a l  
b l a d e s .  Then these groups a re  symmet r i ca l l y  d l s -  
t r i b u t e d  about t h e  d i s k .  
lhe geometry and v i b r a t l o n  mode da ta  I S  
u s u a l l y  ob ta lned  by s o l v i n g  Eqs ( 1 )  and ( 2 )  w l t h  
N A ' > l h A h  f a r h  b l , i d i  i s  t r a n s l a t e d  d i t l r i g  ar ' 
4 
r o t a t e d  abou t  t h e  axis O f  r o t a t i o n .  and r o t a t e d  
about  i t s  p i t c h  change axis, s o  t h a t  I t  l l e s  t n  t h e  
d e s l r e d  p o s l t l o n  and o r l e n t a t l o n .  The group i s  
pane led  by p l a c i n g  a f i x e d  number, NXP, o f  quad- 
r l l a t e r a l  pane ls  on each r a d i a l  i n t e r v a l  
r t ( j )  < r < rt(3 + 1 ) .  j = 1, ... NRT ( u n l e s s  
r t ( j  + 1 )  < r t ( j ) ,  which s l g n a l s  a jump f rom t h e  
t l p  of  one b l a d e  t o  t h e  r o o t  of t h e  n e x t ) .  Thus, 
excep t  f o r  t h e  d e l e t l o n  of  t l p - r o o t  connec t ions ,  
t h e  group l s  e f f e c t l v e l y  t r e a t e d  as a s l n g l e  su r -  
f ace  u l t h  NP = NXP* (NRI - NB) pane ls .  
The d e f i n i t i o n  o f  group v i b r a t i o n  modes 
r e q u i r e s  s p e c l a l  ment lon .  E s s e n t l a l l y .  one group 
mode c o n s i s t s  o f  one b lade  I n  t h e  group v l b r a t l n g  7 
i n  one o f  I t s  n a t u r a l  modes w h l l e  a l l  o t h e r  b lades  
i n  t h e  group remaln  f l x e d .  Suppose t h e  j t h  b l a d e  
i n  a group I s  ass igned NMj v i b r a t i o n  modes. The 
group as a whole, t h e n  has NMG = N M l  + NM2 + . .. 
+ NRNB modes. The group mode NM1 + 1. f o r  
example, cor responds t o  t h e  second b lade  I n  t h e  
group v l b r a t i n g  I n  I t s  f l r s t  mode, w h l l e  a l l  
r ema ln lng  b lades  a r e  s t a t l o n a r y .  
I n  genera l ,  l e t  W(n ,k ) ,deno te  t h e  normal 
v e l o c l t y  a t  t h e  n t h  c o n t r o l  p o l n t  I n  t h e  k t h  g roup 
mode. Thls a r r a y  i s  l n l t l a l l z e d  t o  zero  and t h e n  
loaded s e q u e n t l a l l y  w l t h  t h e  NMl  va lues  o f  f l r s t  
b lade  modes [+I]. a t  c o n t r o l  p o l n t s  on t h e  
f l r s t  b lade ,  t h e  NM2 va lues  o f  second b lade  
modes, [Q], a t  c o n t r o l  p o l n t s  on t h e  second 
b lade ,  and so on. 
The aerodynamlc loads  can then  be found by 
s o l v l n g  t h e  l l n e a r  a l g e b r a  problem: 
[ A I  [ P I  = [ M I  ( 5 )  
where [ A ]  I s  t h e  (NP.NP) m a t r l x  o f  I n f l u e n c e  c o e f -  
f l c l e n t s ,  [ W ]  I s  t h e  (NP, NMG) m a t r l x  of normal 
v e l o c l t l e s ,  and [ P I  I s  t h e  (NP, NMG) a r r a y  of l oads  
on t h e  b lade  group.  The I n f l u e n c e  c o e f f l c l e n t  
m a t r l x  c o n t a l n s  t h e  I n t e r f e r e n c e  between b lade  
groups and, t h e r e f o r e ,  depends on t h e  l n t e r g r o u p  
phase ang le  (as  w e l l  as t h e  v i b r a t o r y  f r e q u e n c y . )  
Thus, separa te  s o l u t l o n s  a r e  r e q u i r e d  f o r  eve ry  
I n t e r g r o u p  phase ang le  and f requency  o f  I n t e r e s t .  
Once t h e  l o a d  d l s t r l b u t l o n  has been found, 
t h e  g e n e r a l i z e d  f o r c e  m a t r l x  can be de termlned by 
s lmp le  numer l ca l  l n t e g r a t l o n  over  t h e  b lade  group:  
NP 
[A,(n.m)l  = [P (J .m) l  [ a ( j , n ) l  I d A ( j ) )  ( 6 )  
j = 1  
where P(j,m) I s  t h e  l oad  on t h e  j t h  pane l  ( w l t h  
a rea  d A ( j ) ) ,  a s s o c l a t e d  u l t h  t h e  mth group mode, 
and a ( j , n )  I s  t h e  normal d lsp lacement  o f  t h e  s u r -  
f ace  a t  t h e  c o n t r o l  p o l n t  o f  t h e  j t h  pane l  I n  t h e  
n t h  mode. 
Sol  u t  1 on 
For s lmp le  harmonlc mo t ion  
Eq. ( 3 )  leads  f o r  t h e  f o l l o w i n g :  
[ P I  { q o )  - y r M g J  
where measured f requenc les  and mode shapes. These d l f  
f e rences  w l l l  be d iscussed l a t e r .  
F l u t t e r  occu rs  when p = 0. The e lgenva lue  prob- 
lem, EQ. ( 8 ) .  I s  so lved  f o r  a g l v e n  r o t a t l o n a l  
speed and b l a d e  p l t c h  a n g l e  and by u s l n g  t h e  proce- 
d u r e  and t h e  computer program, ASTROP3. descr lbed 
l n  Ref. 5, f o r  each of  t h e  p o s s i b l e  I n t e r g r o u p  
phase ang les .  Then, t h e  f l u t t e r  I n t e r g r o u p  phase 
a n g l e  I s  t h e  one f o r  u h l c h  t h e  f l u t t e r  Mach number 
l s  t h e  l o w e s t .  The l n t e r b l a d e  phase ang le  I n  the 
group i s  determlned f r o m  t h e  co r respond ing  elgen- 
v e c t o r  (40).  From t h e  c a l c u l a t e d  I n t e r g r o u p  
and l n t e r b l a d e  phase ang les ,  t h e  l n t e r b l a d e  phase 
ang les  o f  t h e  e n t l r e  r o t o r  a r e  de termlned.  
D e s c r i p t i o n  o f  Expertment 
The exper lment  was conducted l n  t h e  NASA Lewls 
8-by-6 f t .  (2.44-by-1.83-111) w lnd  t u n n e l .  Tes t  con- 
d l t l o n s  i n c l u d e d  t u n n e l  Mach numbers f r o m  0.36 t o  
0.75 and r o t o r  speeds up t o  8000 rpm. The prop fan  
models were  mounted on a s i n g l e  r o t a t t o n .  i s o l a t e d  
n a c e l l e  t e s t  r i g  and d r l v e n  by an  a l r  t u r b i n e .  
B lade mounted s t r a l n  gauges p r o v l d e d  b lade  v lb ra -  
t o r y  s t r a l n  s i g n a l s .  E l g h t  b lades  were mounted I n  
a hub wh lch  can be cons lde red  r l g l d .  F i g .  2 shows 
t h e  t e s t  r i g  i n s t a l l e d  I n  t h e  w lnd  t u n n e l .  
Two e x i s t i n g  p r o p f a n  research  models, SR3C-X2 
and SR3C-3. o f  0.62 m ( 2  f t )  d iameter  were used 
f o r  t h l s  exper lment .  The b lades  were molded from 
graphlte-ply/epoxy-matrlx l am lna ted  m a t e r l a l .  Bo th  
models had 80 pe rcen t  o f  t h e  p l y s  l n  t h e  b lade  
p l t c h  a x l s  (0 ' )  d l r e c t l o n ,  as shown I n  F i g .  3. The 
rema ln lnq  p l y s  were d l s t r l b u t e d  a t  t h e  222.5' 
d l r e c t l o n s  f o r  SR3C-X2. and a t  t h e  245" d l r e c t l o n s  
f o r  SR3C-3. 
The models were l n d l v l d u a l l y  wlnd t u n n e l  
t e s t e d  p r l o r  t o  t h e  p resen t  exper lment .  The 
SR3C-X2 model f l u t t e r e d  and t h e  SR3C-3 d l d  n o t  
w l t h l n  t h e  o p e r a t l n g  c o n d l t l o n s  o f  t h e  t e s t  ( t u n n e l  
Mach = 0.9 and 10  000 rpm). The observed behav lo r  
o f  t h e  two models d l f f e r e d  because o f  f requency and 
mode shapes d i f f e r e n c e s ,  wh lch  were, I n  t u r n ,  
caused by  t h e  p l y  a n g l e  d i f f e r e n c e s .  Exper lmental  
r e s u l t s  f r o m  t h e  p r e v l o u s  SR3C-X2 exper lment  were 
r e p o r t e d  l n  Refs .  4 and 17. A n a l y t l c a l  r e s u l t s  
were r e p o r t e d  I n  Refs .  5 and 17 f o r  t h e  SR3C-X2 and 
I n  Ref.  1 7  f o r  t h e  SR3C-3. 
The p resen t  exper lment  was conducted i n  two 
p a r t s ,  f o l l o w i n g  t h e  t e s t  p rocedure  desc r lbed  i n  
Ref.  4 .  F i r s t ,  t h e  e l g h t - b l a d e d  SR3C-X2 r o t o r  was 
t e s t e d .  Th ls  p a r t  I s  a r e p e t l t l o n  o f  t h e  t e s t  
r e p o r t e d  I n  Re f .  4 and was done because o f  changes 
i n  measured b l a d e  n a t u r a l  f requenc les  and mode 
shapes a f t e r  t h e  p rev lous  f l u t t e r  t e s t .  The aver-  
age b l a d e  f t r s t  and second mode f requenc les  (non- 
r o t a t l n g )  dropped by 5 and 1 pe rcen t ,  r e s p e c t i v e l y .  
because o f  t h e  b l a d e  m a t e r l a l  deg rada t ion  f rom t h e  
l a r g e  v i b r a t o r y  mo t lon  d u r l n g  f l u t t e r .  Second, a 
mlxed r o t o r ,  SR3C-XZ/SR3C-3. was t e s t e d  t o  o b t a l n  
t h e  f l u t t e r  boundary o f  a c o n f l g u r a t l o n  o f  blades 
w l t h  d l f f e r e n t  f requenc les  and mode shapes. Thls 
r o t o r  was c o n s t r u c t e d  by a l t e r n a t e l y  p o s i t l o n l n g  
f o u r  SR3C-X2 b lades  and f o u r  SR3C-3 b lades .  The 
SR3C-X2 r o t o r  can be cons lde red  tuned and t h e  mlxed 
r o t o r  m is tuned  based on ' h e  d i f f e r e n c e s  b e t w e n  
RESULTS AND DISCUSSION 
The c a l c u l a t e d  and measured r e s u l t s  f o r  t h e  
SR3C-X2 and mlxed r o t o r s  a r e  p resen ted  i n  f i v e  
p a r t s :  ( 1 )  measured n o n r o t a t l n g  b lade  f requenc les  
and mode shapes; ( 2 )  c a l c u l a t e d  b l a d e  r o t a t l n g  f r e -  
quencles;  ( 3 )  c a l c u l a t e d  r o o t  l o c u s  p l o t s ;  ( 4 )  
c a l c u l a t e d  damplng p l o t s ;  ( 5 )  c a l c u l a t e d  and meas- 
u red  f l u t t e r  r e s u l t s .  A lso ,  t h e  c a l c u l a t e d  f l u t t e r  
c h a r a c t e r l s t l c s  f o r  an a l t e r n a t e l y  f requency  m ls -  
tuned SR3C-X2 r o t o r  a r e  p resented .  
I n  a l l  t h e  c a l c u l a t l o n s  t h e  s teady  s t a t e  
d e f l e c t i o n s .  f requenc les  and mode shapes of  t h e  
b lades  were ob ta lned  by u s l n g  COSMIC NASTRAN. A l l  
t h e  c a l c u l a t l o n s  a r e  made by u s l n g  t h e  s teady  
d e f l e c t e d  p o s l t t o n  o f  t h e  b l a d e  under c e n t r l f u g a l  
loads  o n l y .  Only t h e  f l r s t  two modes f o r  each 
b lade  were cons ldered because, as w l l l  be shown 
l a t e r ,  t h e  f l u t t e r  mode I s  p r l m a r l l y  a comb lna t lon  
o f  t hese  two modes. A l so  f o r  uns teady  aerodynamic 
c a l c u l a t l o n s  each b lade  I s  d l s c r e t l z e d  w l t h  n l n e  
( r a d l a l )  t l m e s  e l g h t  (chordwlse)  pane ls .  
N o n r o t a t l n q  B lade N a t u r a l  Frequencies and Mode 
Shapes 
The n a t u r a l  f requenc les  and mode shapes o f  
t h e  SR3C-X2 and -3 model d l f f e r  because o f  t h e  p l y  
ang le  v a r l a t l o n  between t h e  b lades .  Tab le  I sum- 
mar lzes  t h e  measurements o f  t h e  f l r s t  two nonro ta -  
t l n g  n a t u r a l  f requenc les  o f  t h e  SR3C-XZ and -3  
b lades  f o r  b0t.h r o t o r  c o n f l g u r a t l o n s .  The f l r s t  
mode f requenc les  o f  bo th  t h e  b lades  a r e  ve ry  c l o s e  
and were l n s e n s l t l v e  t o  t h e  v a r l a t l o n  of  p l y  
ang les .  However, t h e  average second mode f requency  
o f  t h e  SR3C-3 b lade  Is about  12 pe rcen t  h l g h e r  than 
t h a t  o f  t h e  -X2 b lade .  
F l g u r e  4 shows t h e  n o n r o t a t l n g  SR3C-X2 and -3 
b l a d e  d lsp lacement  con tou rs  f o r  t h e  f l r s t  two 
n a t u r a l  modes. Here, t h e r e  I s  a d l f f e r e n c e  between 
t h e  l n c l l n a t l o n  of  t h e  f l r s t  mode con tou r  l l n e s  o f  
t h e  b lades .  The g r e a t e r  l n c l l n a t l o n  o f  t h e  SR3C-X2 
con tou r  l l n e s  l n d l c a t e s  a g r e a t e r  t o r s l o n a l  mo t ion  
o f  t h e  b lade .  The con tou r  l l n e s  o f  t h e  second 
modes o f  b o t h  b lades  a r e  s l m l l a r  and show t l p  t o r -  
s i o n .  Thus, t h e r e  a r e  d l f f e r e n c e s  I n  t h e  mode 
shapes o f  t h e  SR3C-X2 and -3 b lades ,  and t h e  d l f -  
f e rence  I s  more s l g n l f l c a n t  f o r  t h e  f l r s t  mode. 
The c a l c u l a t e d  and measured mode shapes a r e  I n  f a i r  
agreement f o r  b o t h  t h e  b lade  models.  
A v a r l a t l o n  around t h e  r o t o r  o f  n a t u r a l  f r e -  
quenc les  e x l s t e d  f o r  b o t h  t h e  SR3C-X2 and t h e  mixed 
r o t o r s  b u t  a mode shape v a r l a t l o n  o f  s l g n l f l c a n c e  
e x l s t e d  o n l y  f o r  t h e  mlxed r o t o r .  However, no 
a t tempt  was made t o  q u a n t l f y  t h e  mode shape d i f f e r  
ences. The v a r l a t l o n  o f  t h e  n o n r o t a t l n g  measured 
f l r s t  and second n a t u r a l  f requenc les  around t h e  
r o t o r s  a r e  shown I n  F l g .  5.  For t h e  SR3C-X2 r o t o r ,  
t h e  l a r g e s t  n a t u r a l  f requency  d l f f e r e n c e s  occur red  
between b lades  2 and 3 ( f l r s t  mode, 6.5 p e r c e n t ;  
second mode, 5 . 5  p e r c e n t ) .  Whereas, f o r  t h e  mixed 
r o t o r ,  t h e  l a r g e s t  d i f f e r e n c e  occu r red  betweer: 
b lades  3 and 4 ( f l r s t  mode, 2.J pe rcen t ;  second 
mode, 14 .3  p e r c e n t ) .  Hence, t h e  f requency  m i s t u n  
l n g  was h l g h e r  i n  t h e  f l r s t  mode f o r  t h e  SR3C X 2  
r o t o r  and h ighe r  I n  t h e  second mode f o r  t h e  mixed 
r o t o r .  
5 
Blade Frequency V a r l a t l o n  w l t h  R o t a t l o n a l  SDeed 
F i g u r e s  b ( a )  and ( b )  show t h e  v a r l a t l o n  w l t h  
r o t a t i o n a l  speed of  t h e  blade f requenc les  i n  vacuum 
f o r  t h e  SR3C-X2 b l a d e  and t h e  SR3C-3 b lade  respec-  
t l v e l y .  The n o n r o t a t l n g  average measured f requen-  
c l e s  f r o m  Tab le  I a r e  a l s o  shown. The r e s u l t s  show 
an l n c r e a s e  i n  t h e  f l r s t  mode f requency  w l t h  r o t a -  
t l o n a l  speed, whereas, the  second mode f requency  
l s  r e l q t l v e l y  c o n s t a n t  u n t i l  6000 rpm and t h e n  
tncreases  s l i g h t l y .  Th l s  1s expected because t h e  
f l r s t  mode Is p r i m a r i l y  bending, wh lch  I s  a f f e c t e d  
by r o t a t l o n a l  speed, whereas. t h e  t o r s l o n  mode I s  
r e l a t l v e l y  l n s e n s l t l v e  t o  r o t a t l o n .  
shown a r e  f o r  t h e  61.2O blade p l t c h  ang le .  
Resu l t s ,  a l t h o u g h  n o t  shown, f o r  a 68.0' b lade  
a n g l e  a r e  v e r y  c l o s e  and f o l l o w  t h e  same t r e n d s  as 
I n  F l g s .  b ( a )  and ( b ) .  Thls l n d l c a t e s  l n s e n s l t l v -  
l t y  o f  t h e  f requenc les  t o  a b l a d e  ang le  v a r l a t l o n  
of  t h l s  o rde r .  I t  should be ment loned t h a t  t h e r e  
i s  a p rob lem I n  e s t l m a t l n g  t h e  e q u l v a l e n t  an i so -  
tropic m a t e r l a l  p r o p e r t l e s ,  because o f  t h e  unknown 
b lade  m a t e r l a l  p r o p e r t l e s  a f t e r  f a b r l c a t l o n .  When 
t h e  m a t e r l a l  manu fac tu re rs '  s p e c l f l e d  p r o p e r t i e s  
of t h e  compos i te  m a t e r l a l  were used I n  c a l c u l a t l n g  
b l a d e  n o n r o t a t l n g  f requenc les ,  t h e  f requenc les  were 
h l g h e r  t h a n  those  measured. There fore ,  t o  o b t a l n  
b e t t e r  agreement t h e  m a t e r l a l  cons tan ts  were 
a d j u s t e d .  
C a l c u l a t e d  Root Locus P l o t s  
The r e s u l t s  
To I l l u s t r a t e  t h e  e f f e c t  o f  m l s t u n l n g  (wh lch  
I s  p a r t l y  aerodynamlc and s t r u c t u r a l )  t h e  c a l c u l a -  
t e d  r e a l  and Imag lna ry  pa r t s  o f  t h e  e lgenva lues  o f  
t h e  SR3C-X2, SR3C-3 and mlxed r o t o r s  were compared. 
The m l s t u n l n g  I s  due t o  the  d l f f e r e n c e s  I n  b l a d e  
steady s t a t e  geometry,  f requenc les ,  and mode 
shapes. The s teady  s t a t e  geometry o f  t h e  b lades  
I n  a g roup d i f f e r s  because t h e  s teady  d e f l e c t i o n s  
due t o  c e n t r l f u g a l  l oads  a r e  d l f f e r e n t .  The e lgen -  
va lues  a r e  f o r  a l l  I n t e r b l a d e  phase ang les  o f  t h e  
mode w l t h  lowes t  damplng a t  t h e  c r l t t c a l  Mach num- 
be r  and c r l t l c a l  reduced f requency  o f  t h e  SR3C-XZ 
r o t o r .  The c a l c u l a t l o n s  were per fo rmed by t r e a t l n g  
t h e  SR3C-XZ and SR3C-3 r o t o r s  as tuned and t h e  
o t h e r  one as m ls tuned  u l t h  b o t h  s t r u c t u r a l  and 
aerodynamlc m l s t u n l n g .  Furthermore, t h e  mixed 
r o t o r  Is modeled as an  l d e a l l z e d  a l t e r n a t e l y  m ls -  
tuned r o t o r  -- f o u r  I d e n t l c a l  b lade  p a i r s  w l t h  two 
d l f f e r e n t  b lades  I n  each p a l r .  The e f f e c t l v e  damp- 
l n g  r a t l o  o f  each I n t e r b l a d e  phase ang le  mode I s  
g l v e n  by t h e  r a t l o  o f  the r e a l  and Imag lnary  p a r t s  
o f  t h a t  mode. 
The comparlson o f  the r o o t  l o c l  f o r  t h e  
SR3C-XZ and SR3C-3 r o t o r s  ( F l g .  7 )  r e v e a l s  two 
l n t e r e s t l n g  p o l n t s .  F l r s t ,  t he  area  o f  t h e  approx-  
Imate  e l l l p s e  f o r  t h e  SR3C-X2 t s  g r e a t e r  t h a n  t h a t  
of  t h e  SR3C-3. l n d l c a t l n g  a s t ronger  aerodynamlc 
c o u p l l n g  between t h e  blades o f  t h e  SR3C-X2 r o t o r .  
Second, a t  t h e  chosen Mach number t h e  SR3C-X2 r o t o r  
I s  n e u t r a l l y  s t a b l e  and the  SR3C-3 r o t o r  I s  s t a b l e .  
Th ls  d l f f e r e n c e  I n  s t a b l l l t y  may be a t t r l b u t e d  t o  
t h e  d l f f e r e n c e s  I n  b lade s t l f f n e s s  and mode shapes 
and t o  t h e  degree o f  aerodynamlc c o u p l l n g  between 
t h e  normal modes o f  t h e  b lades .  The b lade  s t l f f -  
ness and mode shapes a re  d l f f e r e n t  because o f  t h e  
d l f f e r e n t  p l y  ang les  o f  the  b lades .  Thus, one can 
I n f e r  t h a t  a l am lna ted  composlte p rop fan  b lade  can 
be t a l l o r e d  t o  maxlmlze I t s  f l u t t e r  speed by 
s e l e c t t n g  t h e  p roper  p l y  ang les .  A compartson o f  
t h e  e igenva lues  ( F i g .  7 )  f o r  t h e  SR3C-X2. SH3C-3,  
and mlxed r o t o r s  shows t h a t  m l x l n g  t h e  b lades  s l g -  
n l f i c a n t l y  a f f e c t e d  t h e  e igenva lues  and r e s u l t e d  
l n  a r o t o r  w l t h  a g r e a t e r  damplng than  t h e  l owes t  
damped mode o f  e l t h e r  p u r e  r o t o r .  
The aerodynamic cOup1lng between t h e  modes o f  
n e l g h b o r l n g  b lades  IS v l r t u a l l y  e l l m l n a t e d  I n  t h e  
mlxed r o t o r .  The e f f e c t i v e  damping o f  some i n t e r -  
b lade  phase ang le  modes 1 s  I nc reased  w h l l e  t h a t  o f  
o t h e r s  1 s  decreased. A d d i t i o n a l l y ,  t h e  r o o t  l ocus  
p l o t  o f  t h e  mlxed r o t o r  I s  d l v l d e d  l n t o  h l g h  and 
l o w  f requency  compact groups such t h a t  t h e  e f f e c -  
t i v e  damplng o f  each I n t e r b l a d e  phase a n g l e  o f  each 
group l s  a lmos t  t h e  same. The h l g h  f requency  group 
o f  e tgenva lues  l l e s  l n s l d e  t h e  SR3C-X2 e l l l p s e  and 7 
t h e  o t h e r  g roup I n s i d e  t h e  SR3C-3 e l l l p s e .  It I s  
t h e  e f f e c t  o f  t h e  aerodynamlc c o u p l l n g  o f  t h e  modes 
o f  b o t h  t h e  SR3C-X2 and -3 b lades  I n  t h e  mlxed 
r o t o r  t h a t  g l v e  t h e  l ow  and h l g h  f requency  e lgen -  
v a l u e  c l u s t e r s .  The modes o f  t h e  h l g h  f requency  
c l u s t e r  I n v o l v e  mo t ion  p r l m a r l l y  o f  t h e  SR3C-X2 
b lades  and t h e  modes o f  t h e  low f requency  c l u s t e r  
I n v o l v e  mo t lon  p r l m a r l l y  o f  t h e  -3 b lades .  The 
c l o s e  spac ing  o f  t h e  e lgenva lues  I n  each group 
shows t h a t  t h e  aerodynamlc c o u p l l n g  between ne lgh -  
b o r l n g  b lades  ( t h e  cascade e f f e c t )  has been n u l l l -  
f l e d .  Note  t h a t  b o t h  t h e  180 and 225" I n t e r b l a d e  
phase a n g l e  modes a r e  n e u t r a l l y  s t a b l e  f o r  t h e  
SR3C-X2 r o t o r .  But,  t h e  f l u t t e r  f requenc les  a r e  
d l f f e r e n t .  
To see t h e  e f f e c t  o f  Mach number on r o o t  l o c l ,  
t h e  c a l c u l a t e d  r o o t  l ocus  p l o t s  ( n o t  shown) f o r  t h e  
t h r e e  r o t o r s  were a l s o  compared a t  t h e  c r l t I c a l  
Mach number and reduced f requency  o f  t h e  mlxed 
r o t o r .  For t h l s  case t h e  r o o t  l ocus  o f  t h e  SR3C-X2 
r o t o r  shown I n  F i g .  7 moved t o  t h e  r l g h t ,  such t h a t  
f o u r  o f  t h e  I n t e r b l a d e  phase ang le  modes a r e  I n  t h e  
u n s t a b l e  r e g l o n .  B u t ,  t h e  r o o t  l ocus  o f  t h e  SR3C-3 
r o t o r  moved very  l l t t l e .  A l so ,  t h e  c l u s t e r  o f  f o u r  
h i g h e r  f requency  e tgenva lues  o f  t h e  mlxed r o t o r  
remalned cen te red  l n  t h e  SR3C-X2 e l l l p s e  and, 
hence, moved c l o s e  t o  t h e  n e u t r a l  s t a b l l l t y  l i n e .  
Bu t ,  t h e  o t h e r  c l u s t e r ,  rema ln lng  rough ly  cen te red  
I n  t h e  SR3C-3 locus ,  moved ve ry  l l t t l e .  Th l s  shows 
t h a t  t h e  change I n  damplng o f  t h e  modes I n  t h e  h i g h  
f requency  c l u s t e r  I s  more s e n s l t l v e  t h a n  t h e  low 
f requency  c l u s t e r  t o  t h e  l n c r e a s e  I n  Mach number. 
The e f f e c t  o f  Mach number on damplng w l l l  be 
f u r t h e r  d l scussed  I n  F l g .  8. 
I n  sumnary. t h e  m l s t u n l n g  has Inc reased  t h e  
damplng o f  t h e  lowest  damped modes o f  b o t h  t h e  pure  
r o t o r s  and has n u l l l f l e d  t h e  cascade e f f e c t s .  
These a r e  t h e  same t r e n d s  t h a t  have been found for 
t u r b o f a n  r o t o r  I n  Re f .  10,  a l t h o u g h  these  prop fans  
have fewer b lades ,  lower gap- to -chord  and mass 
r a t l o s ,  and mode shape and aerodynamlc m l s t u n l n g .  
C a l c u l a t e d  Oamplnq 
of t h e  e lgenva lue  (wh ich  I s  p r o p o r t i o n a l  t o  damp 
I n g )  w l t h  f r e e s t r e a m  Mach number a t  R = 6320 rpm 
and 0 0 . 7 5 ~  = 61.2' f o r  t h e  lowest  damped mode o f  
t h e  SR3C-X2, SR3C-3, and t h e  mlxed r o t o r s .  Damplnq 
curves  f o r  t h e  180 and 2 2 5 "  i n t e r b l a d e  phase ang le  
modes O f  t h e  $R3C-X2 r o t o r  a r e  shown because bo th  
t h e  modes become u n s t a b l e  a t  t h e  same Mach number. 
Note  t h a t  t h e r e  a r e  two curves  f o r  t h e  mlxed 
r o t o r :  one f o r  t h e  low f requency  c l u s t e r  and t h e  
o t h e r  for t h e  h i g h  f requency  c l u s t e r  of  Fig. 7 .  
F l g u r e  8 shows t h e  v a r i a t i o n  o f  t h e  r e a l  p a r t  
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I f  t h e  mlxed r o t o r  i s  cons lde red  t o  be  
deve loped by p e r t u r b a t l o n  f r o m  t h e  SR3C-X2 r o t o r ,  
t h e  damplng o f  t h e  l e a s t  s t a b l e  mode has Increased 
f o r  a l l  t h e  Mach numbers shown. I f  t h e  mlxed 
r o t o r  i s  cons tdered t o  be developed by 
p e r t u r b a t l o n  f r o m  t h e  SR3C-3 r o t o r  t h e  change I n  
damplng depends on t h e  Mach number. For Mach 
numbers between 0.40 and 0.55 t h e  damplng has 
Inc reased .  Beyond Mach numbers o f  0.55 t h e  
damplng o f  t h e  h i g h  f requency  mode o f  t h e  mlxed 
r o t o r  i s  g r e a t e r  t h a n  t h a t  o f  t h e  l ow  f requency  
mode and i s  l e s s  t h a n  t h a t  o f  t h e  SR3C-3 r o t o r .  
The change i n  t h e  damplng f r o m  each o f  t h e  p u r e  
r o t o r s  I s  l l l u s t r a t e d  by  t h e  ar rows i n  t h e  
f i g u r e .  Thus, t h e  m l x l n g  o f  t h e  two s e t s  o f  
b lades  has a b e n e f l c l a l  e f f e c t  on damplng w l t h  
respec t  t o  b o t h  o f  t h e  p u r e  r o t o r s  b e t w e n  Mach 
numbers o f  0.40 t o  0.55. Whereas, above 0.55 Mach 
number t h e  m l x l n g  has a b e n e f l c l a l  e f f e c t  on t h e  
damplng w l t h  respec t  t o  t h e  SR3C-X2 r o t o r  b u t  an 
adverse  e f f e c t  on t h e  damplng w l t h  r e s p e c t  t o  the  
SR3C-3 r o t o r .  
F l u t t e r  R e s u l t s  
Exper lmenta l  and c a l c u l a t e d  f l u t t e r  
boundar les  a r e  c o r r e l a t e d  I n  F i g .  9 f o r  
8 0 . 7 5 ~  = 61.2'. 
mlxed r o t o r s  a r e  I n c l u d e d .  The c a l c u l a t e d  
boundary f o r  each r o t o r  was ob ta lned  w l t h  t h e  
c a l c u l a t e d  modes and f requenc les ,  except  t h a t  t he  
measured second mode f requency  was s u b s t l t u t e d  for 
t h e  c a l c u l a t e d  one. The c a l c u l a t e d  f l u t t e r  Mach 
numbers f o r  t h e  SR3C-X2 a r e  l e s s  t h a n  t h e  measured 
ones f o r  a l l  r o t a t i o n a l  speeds. The agreement 
between t h e o r y  and exper lment  I s  expected t o  be 
b e t t e r  If t h e  e f f e c t s  o f  s teady  s t a t e  aerodynamics 
and t h e  s t r u c t u r a l  damplng a r e  I n c l u d e d  I n  t h e  
a n a l y s t s  (see Ref.  5 f o r  d e t a l l e d  d l s c u s s l o n ) .  
The agreement f o r  t h e  mlxed r o t o r  I s  b e t t e r  ( w l t h  
t h e  p r e s e n t  t h e o r y ) ,  b u t  would become 
unconserva t l ve  i f  s t e a d y - s t a t e  aerodynamlc loads  
and s t r u c t u r a l  damplng were I n c l u d e d  I n  t h e  theo ry .  
The c o r r e l a t i o n  o f  measured and c a l c u l a t e d  
R e s u l t s  f o r  t h e  SR3C-X2 and 
f l u t t e r  f requenc les  a t  a b lade  a n g l e  o f  61.2' I s  
g l v e n  I n  F l g s .  10(a)  and ( b )  f o r  t h e  SR3C-X2 and 
t h e  mlxed r o t o r s ,  r e s p e c t l v e l y .  The f l u t t e r  
f requenc les  a r e  shown on a Campbell d lagram whlch 
I n c l u d e s  t h e  c a l c u l a t e d  f requenc les  f o r  t h e  f l rst  
two modes o f  t h e  b lades ,  as w e l l  as t h e  2P, 3P. 
and 4P harmonlc o r d e r  e x c l t a t l o n  l l n e s  o f  
r o t a t i o n a l  speed. For  b o t h  f i g u r e s ,  t h e  
c a l c u l a t e d  f l u t t e r  f requenc les  a r e  h l g h e r  than  the  
measured f requenc les  by about  30 Hz, b u t  t h e  
s lopes  of  t h e  a n a l y t l c a l  and measured f l u t t e r  
f requency  l l n e s  a r e  about  t h e  same. The f a c t  t h a t  
b o t h  t h e  c a l c u l a t e d  and measured f requenc les  l i e  
between t h e  f l r s t  and second normal mode 
f requenc les  shows t h a t  t h e  f l u t t e r  mode i n v o l v e s  a 
c o u p l i n g  between these  two modes. 
Measured and c a l c u l a t e d  phase ang les  f o r  the  
mlxed r o t o r  a r e  shown I n  Tab le  I 1  f o r  t h r e e  
c o n d l t l o n s .  The measured va lues  were ob ta lned  
f rom c r o s s - s p e c t r a  o f  b lade  s t r a l n  gauge s l g n a l s .  
The coherence va lues  a s s o c l a t e d  w l t h  t h e  phase 
ang les  were n o t  always good and o n l y  phase angles 
w l t h  coherence va lues  g r e a t e r  t h a n  90 pe rcen t  are 
shown. The da ta  shows t h a t  s e v e r a l  l n t e r b l a d e  and 
I n t e r g r o u p  phase ang les  a r e  p resen t  d u r l n g  f l u t t e r  
and t h a t  t h e r e  a r e  no predomlnant I n t e r g r o u p  o r  
l n t e r " a d e  phase ang les  The a n a l y s i s  a l s o  ,houed 
t h a t  s e v e r a l  I n t e r b l a d e  and l n t e r g r o u p  phase ans le  
modes were ve ry  l l g h t l y  damped, however, o n l y  t h e  
l owes t  damped mode I s  shown i n  Tab le  11. So q u a l l -  
t a t l v e l y  t h e  t h e o r y  and exper lment  a r e  l n  agree- 
ment, however, t h e  l a c k  o f  q u a n t l t a t l v e  agreement 
may be due t o  t h e  f a c t  t h a t  t h e  a n a l y t l c a l  model 
assumes l d e n t l c a l  p r o p e r t l e s  f o r  a l l  t h e  b l a d e  
groups w h l l e  t h e  a c t u a l  r o t o r  has d l f f e r e n c e s  
between b lade  groups. For  example, t h e  d l f f e r e n c e s  
o f  b lade  f requenc les  l s  l l l u s t r a t e d  I n  F l g .  4 .  
Tab le  I 1  were a l s o  c a l c u l a t e d  and measured f o r  
8 0 . 7 5 ~  = 68'. 
r e v e a l  s l m l l a r  t r e n d s  and c o r r e l a t i o n  between 
t h e o r y  and exper lment .  However. t h e  f l u t t e r  speeds . 
a r e  g r e a t e r  by app rox lma te l y  0.04 Mach number f o r  
t h e  b l a d e  a n g l e  o f  be'. I n  sumnary. t h e  o v e r a l l  
agreement between t h e o r y  and exper lment  i s  reason-  
a b l y  good. 
The r e s u l t s  shown l n  F l g s .  9 and 10  and 
A l though  n o t  shown. t h e s e  r e s u l t s  
C a l c u l a t e d  F l u t t e r  C h a r a c t e r l s t l c s  o f  an  
A l t e r n a t e l y  Frequency Mls tuned Rotor  
The f l u t t e r  r e s u l t s  p resented  I n  F l g .  7 f o r  
t h e  SR3C-X2 r o t o r  shows t h a t  t h e  aerodynamlc cas- 
cade e f f e c t s  I s  s l g n l f l c a n t l y  d e s t a b l l l z l n g .  
Q u a n t i t a t i v e l y ,  t h e  d e s t a b l l l z l n g  e f f e c t  l s  approx-  
l m a t e l y  p r o p o r t l o n a l  t o  t h e  l e n g t h  o f  t h e  seml- 
ma jo r  a x i s  o f  an e l l l p s e  formed by j o l n l n g  a l l  t h e  
e l g h t  p o l n t s .  T h i s  d e s t a b l l l z l n g  cascade e f f e c t  
was shown t o  be p resen t ,  even f o r  a f o u r - b l a d e d  
r o t o r  l n  Ref .  5 .  S lnce  t h e  p o t e n t l a l  b e n e f l c l a l  
e f f e c t  on damplng o f  f requency  m l s t u n l n g  I n  a 
t u r b o f a n  r o t o r  (Re f .  10) I s  d i r e c t l y  p r o p o r t l o n a l  
t o  t h e  adverse  e f f e c t  o f  aerodynamlc cascade 
e f f e c t s ,  l t  l s  n a t u r a l  t o  ask whether a s l m j l a r  
r e l a t l o n s h l p  between cascade and m l s t u n l n g  e f f e c t s  
e x i s t s  f o r  p r o p f a n  r o t o r .  To answer t h l s  q u e s t i o n ,  
s i x  c o n f l g u r a t l o n  cases, as shown I n  Tab le  111. o f  
t h e  SR3C-X2 r o t o r  a r e  cons ldered.  The c a l c u l a t e d  
f l u t t e r  Mach number, f l u t t e r  f requenc les  and 
f l u t t e r  I n t e r b l a d e  phase ang les  a r e  I n c l u d e d  I n  
t h l s  t a b l e .  The r o t o r  I n  Case 1 I s  t h e  r e f e r e n c e  
r o t o r .  I n  o rde r  t o  c o n f l r m  t h e  Impor tance o f  cas- 
cade aerodynamlc e f f e c t s ,  t h e  r e s u l t s  o f  e l g h t ,  
f o u r ,  and one-bladed tuned r o t o r s  (Cases 1. 2. 
and 3) a r e  compared. E v l d e n t l y ,  t h e  f l u t t e r  Mach 
number decreases w l t h  l n c r e a s l n g  number o f  b l a d e s .  
The decrease l n  f l u t t e r  Mach number due t o  cascade 
e f f e c t s  w l t h  e l g h t  b lades  I s  0.10. 
I n  o r d e r  t o  e v a l u a t e  t h e  s e n s l t l v l t y  o f  
f l u t t e r  Mach number t o  b lade  f requency  changes, a l l  
b l a d e  f requenc les  a r e  decreased by 10 p e r c e n t  f o r  
t h e  r o t o r  I n  Case 4 and a r e  l nc reased  t h e  same p e r -  
c e n t  f o r  t h e  r o t o r  l n  Case 5. The f l u t t e r  Mach 
number f o r  t h e  Case 4 i s  decreased f r o m  0.53 t o  
0.46 and f o r  t h e  Case 5 I s  Inc reased f r o m  0.53 t o  
0.59. showlng t h a t  t h e  f l u t t e r  Mach number I s  sen- 
s l t l v e  t o  change l n  t h e  b lade  f r e q u e n c l e s .  
To e s t a b l l s h  t h e  e f f e c t s  o f  a l t e r n a t e  f r e -  
quency m l s t u n l n g  on f l u t t e r ,  t h e  f r e q u e n c l e s  o f  t h e  
even b lades  were Inc reased  by 10 pe rcen t  and those  
o f  t h e  odd b lades  were decreased by t h e  same p e r -  
cen t  (Case 6 ) .  A l t e r n a t e  b lade  f requency  m l s t u n l n g  
i s  cons lde red  because t h e  b e n e f l c l a l  e f f e c t s  on 
f l u t t e r  a r e  " r o b u s t "  f o r  t h i s  k i n d  o f  m l s t u n l n g  I n  
t u r b o f a n  r o t o r s ,  see Refs .  10. 12. and 18. From 
t h l s  e s t a b l i s h e d  r e l a t l o n s h l p  between t h e  adverse  
cascade e f f e c t s  and b e n e f l c l a l  a l t e r n a t e  f requency  
m t s t u n l n g  e f f e c t s  ( R e f .  1 0 ) .  t h e  expec ted  range o f  
t h e  f l u t t e r  Mach number f o r  t he  Case 6 I s  between 
0.46 (Case 4)  and 0.63 ( C a s e  3 ) .  To be b e n e f i c i a l  
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as a p a s s l v e  f l u t t e r  c o n t r o l ,  t h e  f l u t t e r  Mach 
number f o r  Case 6 shou ld  be g r e a t e r  t h a n  0.59 
(Case 5 ) .  
f o r  Case 6 l s  0.53. Hence, I t  l s  conc luded t h a t  
a l t e r n a t e  f requency  m l s t u n l n g  does n o t  have enough 
p o t e n t i a l  t o  be used as a pass l ve  c o n t r o l  t o  
i n c r e a s e  f l u t t e r  speed of t h l s  k l n d  o f  p rop fan .  
However, m l s t u n l n g  should be i n c l u d e d  I n  t h e  ana- 
lysis t o  assess t h e  e f f e c t l v e  damplng o f  each 
I n t e r b l a d e  phase a n g l e  mode because t h e  damping I s  
a f f e c t e d  s l g n l f l c a n t l y  by t h e  presence o f  m l s t u n l n g  
as seen I n  F l g .  7 .  The f a c t  t h a t  t h e  f l u t t e r  Mach 
number f o r  Case 6 Is lower t h a n  expec ted  f r o m  
t u r b o f a n  s t u d l e s  may be due t o  t h e  s t r o n g  c o u p l l n g  
between bend lng  and t o r s l o n  and b lade  sweep. 
U n f o r t u n a t e l y ,  no at tempt  was made i n  t h l s  paper 
t o  I s o l a t e  t h e  aerodynamic and s t r u c t u r a l  e f f e c t s  
o f  b l a d e  sweep even though t h e  a n a l y t l c a l  model has 
t h e  p r o v l s l o n  t o  account f o r  I t . Comparlng t h e  
e f f e c t s  o f  b lade  a l t e r n a t e  f requency  m l s t u n l n g  on 
t u r b o f a n  and p r o p f a n  f l u t t e r ,  i t  appears t h a t  t h e  
b e n e f l c l a l  e f f e c t s  o f  t h i s  k l n d  o f  m l s t u n l n g  I n  
p r o p f a n  r o t o r s  a r e  n u l l l f l e d  by t h e  adverse  e f f e c t s  
o f  t h e  lower  a l t e r n a t e  blade f requenc les .  An 
I n t e r e s t l n g  p o l n t  t o  be no ted  f r o m  Tab le  111 l s  
t h a t  t h e  c r l t l c a l  I n t e r b l a d e  phase ang le  v a r l e s  
w i t h  t h e  b lade  f requenc les  and number o f  b lades .  
I t  a l s o  v a r l e s  w l t h  b lade p l t c h  ang le ,  as was shown 
I n  Ref.  5. 
But  t h e  c a l c u l a t e d  f l u t t e r  Mach number 
CONCLUSIONS 
An a n a l y t l c a l  and exper lmenta l  I n v e s t l g a t l o n  
on t h e  e f f e c t  o f  b o t h  s t r u c t u r a l  and aerodynamlc 
m l s t u n l n g  on p r o p f a n  subsonlc f l u t t e r  was con- 
duc ted .  An a e r o e l a s t l c  model f o r  t h e  a n a l y s l s  of  
p r o p f a n  f l u t t e r  u l t h  m ls tun lng  was developed and 
was v a l i d a t e d  f o r  se lec ted  cases by comparing t h e  
c a l c u l a t e d  and measured f l u t t e r  c h a r a c t e r l s t l c s  o f  
a p r o p f a n  u l n d  t u n n e l  model w i t h  composl te b lades .  
I t  was found t h a t  t h e  c o r r e l a t i o n  between t h e o r e t -  
I c a l  and exper lmen ta l  f l u t t e r  Mach numbers I s  good. 
But t h e  c a l c u l a t e d  f requenc les  a r e  h l g h e r  than  t h e  
measured by approx lmate ly  about  3 t o  6 p e r c e n t .  
Both  t h e o r y  and exper lment a l s o  showed t h a t  com- 
b l n e d  mode shape, f requency and aerodynamic mls -  
t u n l n g  can have e i t h e r  a b e n e f l c l a l  o r  adverse  
e f f e c t  on b lade  damplng dependlng on t h e  Mach num- 
b e r .  A d d l t l o n a l  paramet r lc  r e s u l t s  showed t h a t  
a l t e r n a t e  b lade  frequency m l s t u n l n g  does n o t  have 
enough p o t e n t l a l  f o r  i t  t o  be used as a p a s s l v e  
c o n t r o l  t o  a l l e v l a t e  f l u t t e r  I n  p rop fans  s l m l l a r  
t o  t h e  one s t u d l e d  he re ln .  The b e n e f l c l a l  e f f e c t s  
o f  b l a d e  a l t e r n a t e  f requency m l s t u n l n g  on f l u t t e r  
were n u l l l f l e d  by t h e  adverse e f f e c t s  o f  b lade  f r e -  
quency d r o p  due t o  a l t e r n a t e  f requency  rn l s tun lng .  
F i n a l l y ,  t t  Is I n f e r r e d  from b o t h  t h e o r e t l c a l  and 
exper imen ta l  r e s u l t s  t h a t  a lamlnated  compos l te  
p rop fan  b l a d e  can be t a l l o r e d  t o  o p t l m l z e  I t s  
f l u t t e r  speed by s e l e c t i n g  t h e  p roper  p l y  ang les .  
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1A8LE I .  - N O N R O l A T I N G  BLADE MEASURE0 FREQUENCIES 
R o t o r  I B lade  INunber  o f  
c o n f  i g u s a t i o n  t y p e  b l a d e s  
Mode 1 Mode 2 
Average Range Average Range 
SR3C- X2 
SR3C-X2/ 
SR3C-3 
B 
- x2 8 191 185-197 371 362-383 
- X2 4 189 185-193  369 363-378 
- 3  4 188 185-190  415 415-416 
Meas u r e d a  C a l c u l a t e d  
TABLE 111. - FREQUENCY MISTUNING STUDY OF THE SR3C-X2 PROPFAN; BLADE ANGLE. 
61.2". ROTATIONAL SPEED, 6320 RPM 
ades + 
R PM 
5230 
6750 
7450 
1 - 2  3-4 5-6 7-8 1 - 3  3 -5  5 -7  7 - 1  
154 326 121 192 324 250 - - -  - - -  155 180 
138 175 --- 236 211 148 - - -  224 155 90 
139 188 - - -  229 205 134 - - -  202 146 90 
9 
Case 
1. Tuned 
2. Tuned 
3. Tuned 
4. Tuned 
5. Tuned 
6. A l t e r n a t e l y  
m i s t u n e d  
Number o f  Blade F l u t t e r  c o n d i t i o n s  
b l a d e s  A f r equency ,  
p e r c e n t  Frees t ream,  Frequency ,  Phase 
Mach H Z  Ang le ,  ar. 
deg 
8 0 0.53 294 225 
302 180 
4 0 0.60 303 180 
1 0 0.63 306 0 
8 -1 0 0.46 217 180 
8 +10 0.59 31 7 225 
8 - +10 0.53 284 a275 
I 
NG = 4 
NB = 2 
FIGURE 1.- BLADE GROUP SCHEMATIC FOR AN EIGHT-BLADED ROTOR. 
10 
...' ., - 
~~ 
FIGURE 2.- SR3C-X2 PROPFAN MODEL WIND TUNNEL INSTALLATION. 
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FIGURE 3.- BLADE PLY DIRECTIONS. 
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F I GURE 5 .  - NON-ROTAT I NG BLADE FREQUENCY DISTRIBUTION 
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FIGURE 6. - CALCULATED VARIATION OF BLADE NATURAL 
FREQUENCIES WITH ROTATION AT 61.2' BLADE ANGLE. 
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FIGURE 7. - CALCULATED ROOT LOCUS PLOT OF THE LOWEST 
DAMPED NODE FOR THE SR3C-X2. SR3C-3. AND SR3C-X2/ 
SR3C-3 ROTORS AT 61.2' BLADE ANGLE, 6320 RPM AND 
0,528 FREESTREAM MACH NUMBER. 
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NUMBER FOR THE SR3C-X2 AND SR3C-X2/SR3C-3 ROTORS AT 
61.2' BLADE ANGLE AND 6320 RPM. 
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